Introduction {#sec1}
============

*Citrus aurantifolia* (L.) Swingle or Omani lime (Family: Rutaceae), is a major citrus crop in the Sultanate of Oman in terms of cultivation, production, and consumption.[@bib1] This edible and medicinal plant is native to Southeast Asia and was widely cultivated in the tropics and subtropics before its introduction to the African and European continents through Oman. It is a perennial, flowering, evergreen tree, which is 3--5 m in height. Its stem is unusually slender and branched, with sharp thorns and spines. Leaves are alternately arranged and elliptical to oval in shape with rounded teeth on their perimeters; they usually measure 4--6 cm in length by 2.5--4.5 cm in width. The tree\'s flowers are white in color and have a strong aroma. The lime fruits are round in shape (3--5 cm in diameter), and green to yellow in color with a thin skin; they are juicy, aromatic, and acidic in nature.[@bib2] The fruit is known as lime in English and lomi or limah in Arabic. The Omani lime variety resembles the Indian, Mexican, or Floridian key lime.[@bib3]

*Citrus aurantifolia* L. is a very popular and valued citrus species in the Gulf region due to its nutritional qualities, distinct flavor, and health benefits. Various parts of the plant are used in traditional medicine to treat cataract, cold, sore throat, fever, chest pain, earache, headache, stomach ailments, and edema, and it is considered an antiseptic, anthelmintic, mosquito repellent, anti-scurvy, astringent, digestive, and appetite stimulant, among others.[@bib4] Lime juice and its essential oil are also commonly used in the food, drug, and cosmetic industries because of their medicinal properties and fragrance. The traditional and pharmacological uses of *Citrus aurantifolia* L. plants are attributed to the presence of secondary plant metabolites including flavonoids, coumarins, and terpenoids.[@bib5], [@bib6], [@bib7]

Biologists have recently become increasingly interested in the useful biological activities of essential oils, especially their broad antimicrobial abilities against a wide range of pathogenic microbes.[@bib8] This antimicrobial activity is primarily due to their complex chemical composition, including substances belonging to a broad range of chemical classes including terpenes, aldehydes, alcohols, esters, phenols, ethers, and ketones.[@bib9], [@bib10] Thus, understanding the chemical constitution of volatile natural essential oils could prove a viable approach to identify and develop novel antimicrobial agents to overcome the problem of antimicrobial drug resistance.[@bib11]

An extensive literature review revealed that very little is known about the chemical composition and antimicrobial activity of the essential oil of *C. aurantifolia* L. leaves grown in Eastern Oman. Hence, the goals of this study were to (1) analyze the composition of the essential oil of *C. aurantifolia* leaves by GC--MS and (2) investigate the antioxidant and antibacterial activity of the isolated oil.

Materials and Methods {#sec2}
=====================

Chemicals and test microorganisms {#sec2.1}
---------------------------------

Chemicals and reagents were obtained from a local supplier. A medium-size glass Clevenger apparatus made by Borosil^®^, India, was used to isolate the essential oil. To evaluate the antibacterial activity, two pathogenic bacterial strains (*Escherichia coli-*ATCC 8739, Gram-negative and *Staphylococcus aureus***-**ATCC 29213, Gram-positive) were obtained from the Department of Natural Sciences, Oman Medical College, Sultanate of Oman.

Collection of lime leaves {#sec2.2}
-------------------------

Fresh *C. aurantifolia* L. leaves grown in Sur city, which is located in the Al-Sharqia region of the Sultanate of Oman, were collected from farms in June--July of 2015. The leaves were identified by a subject expert from Oman Medical College, and a voucher specimen (PHAR425/2015/4) was deposited in the Department of Pharmacy, Oman Medical College, Oman.

Isolation of essential oil by hydro-distillation method {#sec2.3}
-------------------------------------------------------

*C. aurantifolia* leaves (150 g) were washed under running water to remove dust and insects and then cut into small pieces to increase their surface area. The material was transferred to a 1-L round bottom flask and covered with a sufficient quantity of water (approximately 700 mL). Hydro-distillation in a Clevenger apparatus for 6 h yielded a strongly aromatic light green volatile oil.[@bib3] The oil was separated from the aqueous layer, collected in plastic sample tubes, dried over anhydrous sodium sulfate, and stored in the dark at 4 °C until further use. The yield of the isolated essential oil was calculated based on the weight of the fresh leaves.

*Gas chromatography*--mass *spectrometry analysis* {#sec2.4}
--------------------------------------------------

A small portion of the essential oil was diluted in diethyl ether to determine the chemical composition using a gas chromatography--mass spectrometry (GC--MS) instrument equipped with an auto sampler, including a Perkin Elmer Clarus 600 GC system fitted with a Rtx-5MS capillary column (30 m × 0.25 mm i.d. × 0.25 μm film thickness; maximum temperature = 350 °C) which was coupled to a Perkin Elmer Clarus 600C MS at SQU. Ultra-high purity helium (99.9999%) was used as a carrier gas at a constant flow of 1.0 mL/min. The injection, transfer line, and ion source temperatures were 280, 260, and 260 °C, respectively. The ionizing energy was 70 eV. The electron multiplier (EM) voltage was obtained using auto-tune. All data were obtained by collecting a full-scan mass spectrum within the range of 40--550 amu. The injected sample volume was 1 μL with a split ratio of 100:1. The oven temperature was programmed to begin at 60 °C and heat at a ramp rate of 3 °C/min to a final temperature of 280 °C, which was held for 2 min. Unknown compounds were identified by comparing the experimental spectra with those in mass spectrum libraries (NIST 2011 v.2.2 and Wiley, 9th edition).

Identification of volatile constituents of the essential oil {#sec2.5}
------------------------------------------------------------

Volatile constituents were identified based on their retention time relative to *n*-alkanes (C~6~---C~24~), with corresponding literature data in conjunction with that available in mass spectrometry libraries (NIST 2011 v.2.3 and Wiley, 9th edition).

*In vitro* anti-oxidant activity {#sec2.6}
--------------------------------

The *in vitro* free radical scavenging activity of the essential oil of lime leaves was determined with DPPH using a slightly modified adaptation of a previously reported method.[@bib12] Briefly, 50 μL solutions of the essential oil in ethyl acetate at various concentrations (5--50 μg/mL) were measured using a micropipette and added to 2.95 mL of a DPPH/ethyl acetate solution (0.01 mM) in a test tube. After 30 min in the dark at room temperature 23--28°C, the absorbance (A~t~) of the reaction mixture was measured at 517 nm on a UV--Vis spectrophotometer (UV Analyst-CT 8200). Ethyl acetate was used as a blank while DPPH solution was used as the control (A~b~). The % inhibition of DPPH radical was calculated using the formula *\[(A*~*b*~ *-- A*~*t*~*/A*~*b*~*)* × *100\]*. The IC~50~ value was also calculated using the plot of percentage inhibition versus sample concentration.

Evaluation of antibacterial activity {#sec2.7}
------------------------------------

The antibacterial activity of the lime leaves essential oil was evaluated against Gram-positive and negative pathogenic bacteria, *S. aureus* and *E. coli*, respectively. The antibacterial activity was determined using the disc diffusion method with standard Mueller Hinton agar (MHA) media.[@bib13] Sterile filter paper discs (6 mm in diameter) were impregnated with 5 and 10 μL of pure extracted essential oil and then placed on inoculated petri plates. The plates were then incubated at 37 °C for 24 h before measuring the diameter of the zone of inhibition (clear zone) around the disc. The antimicrobial activity of the test samples was compared with that of the positive control, Ampicillin (25 μg/disc). All experiments were performed in triplicate.

Results and discussion {#sec3}
======================

Yield and chemical composition of Omani lime leaf essential oil {#sec3.1}
---------------------------------------------------------------

The slightly green essential oil was obtained in a 0.53% v/w (0.8 mL) yield (calculated from the fresh weight of the leaves). The results of the GC--MS analysis, including the content and composition of the lime essential oil, are presented in [Table 1](#tbl1){ref-type="table"}. A total of 30 chemical substances out of 33 were identified (90.9%). [d]{.smallcaps}-limonene ([Figure 1](#fig1){ref-type="fig"}) formed the major component (63.35%), followed by 3,7-dimethyl-2,6-octadien-1-ol (7.07%), geraniol (6.23%), *E*-citral (4.35%), *Z*-citral (3.29%) and β-ocimene (2.25%). These results confirm that the Omani lime leaves belong to the limonene chemotype. In a similar study of various lime species, Lota et al., detected a total of 59 chemical constituents with [d]{.smallcaps}-limonene, pinene, and sabinene as the major components, followed by citronellal, geranial, linalool, and neral.[@bib14] Lawal et al., analyzed the essential oil of *C. aurantifolia* grown in the Lagos state of Nigeria and determined that [d]{.smallcaps}-limonene (45%) and geranial (38%) form the chief constituents in the oil.[@bib15]Table 1Chemical composition of the essential oil isolated from Al-Sharqia lime leaves.S. No.Compound nameRT (min)KI% composition1.α-Pinene5.152924.241.74852.Sabinene6.063974.360.25963.β-Pinene6.16911.260.31954.[d]{.smallcaps}-Limonene7.5581026.0363.35395.Trans-β-Ocimene7.7741039.020.43976.β-Ocimene8.0781028.742.24507.β-Thujene8.4031060.860.06258.Isoterpinolene9.3021092.080.05039.Linalool9.6921090.21.649110.UI10.3861127.010.047611.Limonene oxide10.71136.900.056312.Trans-Limonene oxide10.8411141.350.074913.Citronellal11.307105.060.898514.Terpinen-4-ol12.1741183.40.056215.Cis-Verbenol12.2711186.460.088516.[l]{.smallcaps}-α-Terpineol12.641222.440.282117.3,7-dimethyl-2,6-Octadien-1-ol13.8211234.817.0705418.Z-Citral14.1571236.013.288019.Geraniol14.6661261.056.233120.E-Citral15.111267.354.348121.UI17.831361.210.043922.Neryl acetate18.0461368.140.693023.Geranyl acetate18.6531387.591.813824.β-Elemene18.9351396.630.180025.Trans-Caryophyllene19.781407.751.603526.Humulene20.821458.940.270227.(−)-Germacrene D21.6441486.220.096528.UI22.4241512.720.177629.α-Springene23.411547.200.095830.γ-Elemene23.8651563.110.243731.Caryophyllene oxide24.6131565.530.491032.Spathulenol26.011639.920.230333.α-Bisabolol27.5061694.720.0777Figure 1Chemical structure of [d]{.smallcaps}-limonene.

Antioxidant activity {#sec3.2}
--------------------

A number of studies have recommended the use of essential oils in the food and drug industries as natural antioxidants because of the combination of their promising antioxidant activities and relatively safe toxicological profiles.[@bib16] In 2000, Choi et al., tested the antioxidant activity of 31 essential oils from citrus fruits and found them to be similar or better antioxidants than Trolox.[@bib17] Prompted by these and other studies, a simple and reliable *in vitro* assay method using DPPH free radicals was used to investigate the antioxidant potential of the essential oil isolated from lime leaves from the Al-Sharqia region. The results of the antioxidant assay, which are presented in [Table 2](#tbl2){ref-type="table"}, indicate that in concentrations of 5--50 μg/mL, the oil has a comparable antioxidant activity (27.9--87.54%) to that of a reference compound, ascorbic acid (42.18--93.83%). The free radical scavenging activities of the test and reference compounds increased as concentrations increased; however, ascorbic acid (IC~50~ = 13.68) was found to be approximately 1.5 times as potent as the essential oil based on the IC~50~ value.Table 2*In- vitro* anti-oxidant activities of lime essential oil and ascorbic acid by the DPPH method.Concentration (μg/mL)% inhibition of DPPHAscorbic acidLime oil542.18 ± 3.4627.9 ± 1.201070.06 ± 2.0963.23 ± 0.272592.89 ± 0.8185.93 ± 1.995093.83 ± 0.1987.54 ± 0.36IC~50~ value13.6821.87[^1]

Antibacterial activity {#sec3.3}
----------------------

Essential oils have been well known to exert antimicrobial activity and are potential candidates for the development of antimicrobial agents from alternative sources.[@bib18], [@bib19] Because of their lipophilic nature, essential oils can interact with and alter the permeability of the cell membrane in microorganisms, eventually leading to the microorganism\'s death.[@bib20] The antimicrobial spectrum of a volatile oil invariably depends upon its chemical composition. In the present study, [d]{.smallcaps}-limonene was found to be the major chemical constituent of the citrus oil, contributing to its sharp aroma and antibacterial actions.[@bib21] The results of the antibacterial activity analysis (reported as the diameter of the zone of inhibition, [Table 3](#tbl3){ref-type="table"}) indicate that the essential oil exerts dose-dependent activity with more pronounced effects against *S. aureus* (5.8--7.9 mm) than in *E. coli* (1.7--3.1 mm). However, its antibacterial activity is much weaker than that of the positive control, ampicillin.Table 3Antibacterial activity of the essential oil isolated from lime leaves.Essential oil/StandardConc/discInhibition zone (mm)[a](#tbl3fna){ref-type="table-fn"} against microbes*S. aureusE. coli*Al- Sharqia region5 μL5.8 ± 1.51.7 ± 0.210 μL7.9 ± 1.23.1 ± 0.6Ampicillin25 μg19.3 ± 1.219.0 ± 0.0[^2]

Citrus oils are generally recognized as safe (GRAS) and therefore, lime essential oil can be used as a natural flavoring agent or food additive for its aroma as well as its antioxidant and antibacterial activities. [d]{.smallcaps}-limonene, the major constituent of lime oil, is an effective gastroprotective agent[@bib22]; therefore, lime oil may be used in combination with anti-inflammatory agents to overcome their gastrotoxicity. Lime essential oil can also be explored as an alternative to conventional therapy for some common ailments.

Conclusions {#sec4}
===========

A GC--MS analysis of lime leaf essential oil detected 33 volatile chemical compounds, three of which remain unidentified (9.1%). [d]{.smallcaps}-limonene was found to be the major constituent, confirming the limonene chemotype of the Al-Sharqia lime variety. The lime leaves oil demonstrated concentration-dependent inhibition of DPPH radicals with an IC~50~ value of 21.87 μg/mL. Its *in-vitro* free radical scavenging activity was nearly comparable to that of ascorbic acid at a concentration of 50 μg/mL. On the other hand, the oil had moderate anti-bacterial activities. Further, more detailed studies are recommended to explore the potential of *C. aurantifolia* L. leaves essential oil as a food preservative and a source of natural antioxidants.
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